Holliday structures are formed in the course of FLP protein-promoted site-specific recombination. Here, we demonstrate that Holliday structures are formed in reactions involving wild-type substrates and that they are kinetically competent with respect to the overall reaction rate. Together with a previous demonstration of chemical competence (L. Meyer-Leon, L.-C. Huang, S. W. Umlauf, M. M. Cox, and R. B. Inman, Mol. Cefl. Biol. 8:3784-3796, 1988), Holliday structures therefore meet all criteria necessary to establish that they are obligate reaction intermediates in FLP-mediated site-specific recombination. In addition, kinetic evidence suggests that two distinct forms of the Holliday intermediate are present in the reaction pathway, interconverted in an isomerization process that is rate limiting at 0°C.
The FLP protein is a site-specific recombinase encoded by the 2pLm plasmid of Saccharomyces cerevisiae (5) . It belongs to the integrase family of site-specific recombinases, a family of eight known enzymes that includes the Cre protein of bacteriophage P1 and the Int protein of bacteriophage lambda (1, 6, 21, 22) . These recombinases share a limited degree of homology at the amino acid level and some similarities in the architecture of their respective recognition sites.
The normal site of action (FLP recombination target [FRT] ) of the FLP protein is a 48-base-pair (bp) DNA sequence that includes three 13-bp repeats arranged as shown in Fig. 1A , with an 8-bp spacer separating the first and second repeats. All three repeats are binding sites for FLP protein, although the third repeat can be deleted with no effect on in vitro recombination activity. The spacer has no direct FLP protein contacts within the central 6 bp (3, 25) . The DNA is cleaved at the spacer boundaries, with FLP forming a 3'-phosphotyrosine intermediate (8) . Sequence alterations in the spacer that maintain these sequence features are generally well tolerated by the system, with some constraints (26) .
Two reacting FRT sites must have homologous sequences in the spacer. This permits productive alignment of nonpalindromic FRT sites from only one orientation (24) . FRT sites with symmetrical spacers may align in either of the two possible orientations with respect to the flanking DNA and form recombination products. One substrate with a symmetrical spacer, pJFS39, reacts approximately as efficiently as its wild-type counterpart, pJFS36 (Fig. 1A) (24) .
The FLP protein is stable and exhibits a slow catalytic turnover when glycerol and bovine serum albumin are added to the reaction mixture (7) . Recombination also is observed when buffer and salt are the only solution additions besides DNA and protein (19) , but inactivation of FLP under these conditions leads to an apparent stoichiometric requirement for this protein.
Recent studies have demonstrated that Holliday structures can be formed and/or resolved by the FLP, Cre, and Int proteins from substrates containing their respective * Corresponding author. t Present address: 41 Old County Road, Andover, MA 01810. recombination sites (9, 11, 13, 14, 18, 20) . (Holliday struc- tures are defined as four DNA strands that are derived from two duplex DNAs and connected by a covalently closed joint [10] ). All of these recent studies utilized either substrates bearing nicks or mutations in the recognition site or recombinases with amino acid substitutions. For instance, wild-type FLP protein efficiently formed stable Holiday structures from substrates containing symmetrical spacers and resolved them to products (18) . It has proven difficult to detect and isolate Holiday structures from reactions involving a wild-type recombinase acting on its wild-type recombination site. Small amounts of Holliday structures have been observed in a normal FLP-mediated reaction by Jayaram et al. (13) .
It is likely that Holliday structures are reaction intermediates in the site-specific recombination reactions promoted by integrase-class recombinases. However, isolation of a structure is only the first step in determining that it is an obligate reaction intermediate. Also required are demonstrations of (i) structure formation in reactions with unaltered substrates that involve wild-type enzyme, (ii) chemical competence, and (iii) kinetic competence. Chemical competence has previously been established for the FLP, Cre, and Int systems (9, 11, 18) . Other characteristics are also consistent with the hypothesis that Holliday structures are recombination intermediates, including the fact that their steady-state concentration is proportional to the overall rate of reaction (18) . Holliday structures also appear to be formed prior to or concurrent with the appearance of products (18) .
The present study extends these results. Holiday structures were isolated from a completely wild-type recombination reaction under conditions conducive to efficient turnover, confirming the observations of Jayaram et al. (13 ously published procedure (17) . Protein concentrations were determined by using the Bradford assay (2). The degree of purity was multiplied by the total protein concentration (0.148 mg/ml) to determine the molarity of FLP protein monomers (1.62 ,uM The pJFS plasmids contain unique PstI and SalI restriction sites (Fig. 1) . All recombination reactions reported in this study were intermolecular and were performed with plasmid substrates linearized at one of two restriction sites: pJFS61 and pJFS36 at the Sall site and pJFS39 and pJFS35r at the PstI site. The plasmid pMMC10 (4) (6,530 bp) contains the complete wild-type FRT site within a 3,379-bp segment of 2,um plasmid DNA. Reactions with this substrate used a plasmid linearized at a unique BamHI site. Restriction endonuclease digestions were performed under conditions recommended by New England BioLabs. Digestion with each of these restriction enzymes positions the FRT site at least 276 bp from the end of the linear DNA. Except for pJFS39, all spacers are asymmetrical and reaction occurs only when FRT sites are aligned in the same orientation (see above for explanation). For pJFS39, which has a symmetrical spacer, reactions can occur with FRT sites aligned in either orientation (24) . A parallel reaction is defined as that orientation in which homologous flanking sequences are aligned on the same side of the FRT site. An antiparallel reaction results from the opposite alignment, in which corresponding flanking sequences are at opposite sides of the FRT site. The sequence differences between these FRT sites are presented in Fig. 1A .
Each FRT site contains two FLP protein-binding sites (13- tionally larger reaction volumes were employed, and 10-pd portions were removed at each time point. All reaction constituents except FLP protein were mixed and preincubated at the appropriate reaction temperature (30°C or 0°C) for 5 min before initiating the reaction with FLP protein.
Incubations at 0°C were performed on ice. The portion labeled zero time was removed just before the reaction with FLP protein was begun. Reactions were terminated with 2 RI of 5% sodium dodecyl sulfate in a solution of xylene cyanole and bromophenol blue in H20. Reactions were analyzed by using 1.0 or 1.5% agarose gels that had been run in TAE buffer (40 mM Tris acetate, 1 mM EDTA), stained with ethidium bromide, and photographed with Polaroid type 55 film. This film produces both positive and negative photographic images.
The progress of a site-specific recombination reaction was quantitated by densitometric scanning of the photographic negative by using a Zeineh Soft Laser scanning densitometer (model SL-504-XL). All kinetics experiments were carried out with substrates and isolated Holliday structures derived from pJFS39. The two discrete linear products observed in a typical reaction are denoted P1 (larger than pJFS39, 4,096 bp) and P2 (the smaller product, 1,546 bp) (Fig. 1B) .
The relative amount of DNA represented by each band observed on an agarose gel was calculated in the following manner. The scanning intensity, measured in integrative In some cases, the fraction of FRT sites in a particular DNA band was multiplied by the known concentration of FRT sites in the sample to convert to the molar scale. Initial rates of product formation were estimated from the slopes of lines drawn through early points in reaction progress curves. The apparent kcat was obtained by dividing the initial rate by the concentration of FLP protein monomers. In comparative trials, this method of correcting for inherent differences in the signal intensity produced by different DNA species and calculating the rate of product formation provided results very similar to those obtained by using the methods of Gates and Cox (7) . The degree of variation in measured reaction rates observed in different experiments is described in the text.
Holliday structure resolution (see Fig. 4B ) was quantitated by subtracting the concentration of intact Holliday structures at each time point (X,) from the concentration of intact Holliday structures present at zero time (X0). A portion of the reaction mixture was removed just before the addition of FLP protein, and this portion was used to determine the concentration of the isolated Holliday structures at zero time. Typically, 60 to 90% of the total FRT sites were present in the Holliday structure band at zero time, as determined by densitometric scanning (described above). The remaining FRT sites were present in the linear substrate, and product DNAs were present to some degree in all Holliday structure isolates. The concentration of FRT sites in the intact Holliday structure is the total FRT site concentration added to the reaction (total nucleotide concentration divided by 2,821) minus the number of FRT sites measured in the product and substrate bands. Holliday structure concentrations in kinetic experiments are expressed in terms of total FRT sites to facilitate comparison with kinetic data from normal recombination reactions. The apparent kcat of these reactions was calculated in terms of FLP protein monomers and corrected for the fraction of FRT sites not present in Holliday structures at zero time, as described in the text.
Electron microscopy. Samples were prepared for electron microscopy by a modification of the cytochrome c spreading technique, in which DNA is spread onto a small water drop (12) , as previously described (18) . No attempt was made to preserve DNA-protein structures; consequently, any protein present was denatured and incorporated into the cytochrome c supporting monolayer.
Computer-assisted length measurements were made from electron monographs by tracing and recording on a semiautomatic digitizer, as described previously (15) . All measured lengths were calculated in base pairs, relative to substrate lengths of 2,835 (pJFS61) and 6,530 bp (pMMC10).
RESULTS
The first goal of this study was to show that Holiday structures could be readily isolated from FLP recombination reactions by using a wild-type FRT site. Our previous attempts at this made use of the substrate pJFS36 (18) , which contains a wild-type FRT site, with the exception that the distal 13-bp repeat is deleted (Fig. 1A) . Only parallel site alignment results in product formation. Therefore, the FRT sites within a pJFS36 x pJFS36 Holliday structure are flanked by homologous sequences extending to the ends of the DNAs. Because the resulting Holliday junction is free to branch migrate, the Holliday structures are preparatively unstable and few are seen (18) .
In order to stabilize Holiday structures for analysis and isolation, it was necessary to use two DNA substrates in which the FRT sites were flanked by heterologous DNA. This was achieved in two ways. The first approach, which was successfully employed previously (18) and was further exploited in this study, was to use an FRT site with a symmetrical spacer, pJFS39 (Fig. 1B) . Because of their symmetry, the FRT sites were capable of recombining after either a parallel or an antiparallel alignment. The Holliday structures resulting from a parallel reaction were not observed as a result of elimination by branch migration of the Holliday junction (18) . When site alignment was antiparallel, however, the Holliday junction was prevented from migrating outside the FRT site by heterologous sequences in the flanking DNA and was therefore stable. Those Holliday structures observed on an agarose gel of a pJFS39 reaction all result from the antiparallel reaction (18) .
The second approach was to insert the wild-type FRT site, with all three repeats, into two different vectors, pMMC10 and pJFS61. The FRT sites were flanked by pBR322 DNA on pJFS61 and by 2,um plasmid DNA on pMMC10. In a reaction between pMMC10 and pJFS61 the Holiday junction was not able to migrate outside the FRT site, conserving the Holiday structure. The products formed in this reaction differed in size from the substrates (Fig. 1C) and were detectable in the agarose gel assay. In both types of reaction ( Fig. 1B and C) , half of the recombination events were between substrates of identical size and composition, in turn yielding products of equal size that could not be observed by gel electrophoresis. Therefore, a maximal reaction was one in which 50%o of the substrates were converted to discrete products. The spacer sequences of the substrates used in this study are shown in Fig. 1A .
Holliday structures are formed from wild-type substrates. A time course of an FLP recombination reaction with PstI-cut pJFS39, a substrate containing a symmetrical spacer, is shown in Fig. 2, lanes 1 to 7. Since the observed concentration of Holliday structures is a function of FLP protein concentration at 30°C (18) , a large excess of FLP protein was used in this experiment. Holliday structures are at an approximate steady-state level at the first measurable time point, 20 s, and remain so over most of the duration of the reaction. The observed Holliday structures result from the antiparallel recombination reaction, as noted above. To determine whether Holliday structures were present in the wild-type reaction, a similar experiment was performed with pMMC10 and pJFS61 and is shown in lanes 8 to 14. This reaction produces the expected products and substrate-sized bands. In addition, bands of slower electrophoretic mobility are visible at the top of the gel, one of which is labeled X. This band was excised from the agarose and examined by electron microscopy (Fig. 3) . When spread, 74% of 147 molecules appeared to be characteristic Holliday structures. Most of the remaining DNA was composed of linear DNA molecules, which we assume arose from DNA breakage during handling or from background in the gel lane. The four DNA arms of 17 Holliday structures were measured and found to be 3,970, 2,570, 2,530, and 300 bp. This corresponded, within the experimental error of +35 bp, with the predicted arm lengths of 3,984, 2,547, 2,532, and 303 bp and confirmed that the junction of the Holiday structure is site specific and located at the FRT site. These results are consistent with Holiday structures characterized previously (13, 18) and show that Holliday structures can be isolated from the wild-type FLP recombination reaction. As would be expected, Holliday structures resulting from the pMMC10 x pMMC10 or pJFS61 x pJFS61 reaction were not observed. This is probably the result of instability of the junction due to branch migration, as has been previously described (18) . The concentration of Holliday structures in the wild-type reaction (Fig. 2, lanes 8 to 14) also appeared to remain at steady state throughout the reaction. To determine whether the steady-state concentration was the same in reactions of substrates containing symmetric spacers as in that containing asymmetric wild-type spacers, the reactions were quantitated by laser densitometry. The concentration of FRT sites in the form of Holliday structures was calculated as a percentage of the total FRT sites in the reaction mixture. On average, 12.9% of the total FRT sites were present in Holiday structures over the time period 1 to 10 min in the pJFS39 reaction and 3.1% were present in the wild-type reaction. Thus, under these conditions there is a fourfold increase in the observed steady-state level of Holliday structures when a substrate with a symmetric spacer is used compared with the wild-type. In both reactions, the observed Holliday structures represent only half of the actual Holliday structures formed during recombination, as explained above.
Kinetic competence of the Holliday structure. To show that the Holliday structures are kinetically competent reaction intermediates, they were isolated and their rate of resolution was compared with that of the overall rate of reaction. First, the overall rate of conversion of pJFS39 substrate to product was calculated under reaction conditions that supported enzyme turnover and included 2.7 nM FLP protein mono- To determine the rate of Holliday structure resolution, Holliday structures were purified from an agarose gel as described in Materials and Methods and reacted with fresh FLP protein (2.7 nM) under the same conditions. The total concentration of FRT sites in the reaction (5.4 nM) was identical to that used in the recombination reaction de- (Fig. 1B) (18) . X, Holliday structure; S, substrate; P1 and P2, large and small products, respectively; D, double-strand cleavage product. Labels to the left refer to the pJFS39 reaction, and those to the right refer to the pJFS36 x pJFS35r reaction. Reactions were carried out at 30°C. comparable to the overall rate of reaction. This experiment was repeated several times with different Holliday structure preparations, yielding uncorrected kcat values in the range of 0.03 to 0.06 min-'. The curvature seen in this plot was consistent with that seen in other experiments and probably reflects either a back reaction or a sequestering of FLP protein in reactions with FRT sites in the S and P DNA species as the concentrations of S and P increase.
Holliday structure formation precedes product formation. Under reaction conditions in which FLP protein is slightly in excess (relative to the number of available binding sites in FRT sites), the Holliday structure forms only slightly faster than product does (for example, see Fig. 2, lane 2) . It appears to be converted to product rapidly. However, at lower enzyme concentrations, the level of Holliday structure is too low to be clearly visible. Therefore, Holliday structures have not been observed in the complete absence of products under standard reaction conditions. To show more clearly that Holliday structure formation preceded product formation, we sought strategies that would slow the rate of resolution of the intermediate. Two such strategies were found: (i) the use of substrates with spacer mismatches and (ii) low-temperature conditions.
The first strategy made use of the substrate pJFS35r, which has a 1-bp deletion in the spacer (Fig. 1A) . This substrate recombines efficiently when reacted with itself (pJFS35r x pJFS35r) but is very inefficient when reacted with a substrate containing a wild-type spacer (pJFS35r x D- pJFS36) (23) . Holliday structures are observed in the latter reaction, however (18) . Figure 5 shows a comparison between a reaction of PstI-cut pJFS39 (lanes 1 to 9) and a reaction of SalI-cut pJFS36 x PstI-cut pJFS35r (lanes 10 to 18). The initial rate of Holliday structure formation is approximately the same in both reactions. However, the steady-state accumulation of Holliday structures was almost twofold greater for the pJFS35r x pJFS36 reaction, and product formation was 77-fold slower. Conversion of the Holliday structure to product is clearly rate determining under conditions in which there is a 1-bp deletion in the spacer of one reacting partner.
The rate of product formation was also decreased by lowering the reaction temperature to 0°C. Figure 6 shows two time courses with the pJFS39 substrate. The reaction on the left (lanes 1 to 10) was carried out at 30°C, and the time course to the right was done at 0°C (lanes 11 to 20). The rate of formation of Holliday structures is similar at both temperatures. However, the rate of product formation is 16-fold higher at 30°C than at 0C, suggesting that the decreased temperature affects the conversion of Holliday structures to products much more than it affects their formation. Both of the reactions shown in Fig. 6 In two of the experiments reported here, Holliday structures were formed at nearly normal rates but resolved to products slowly. In a reaction between the substrate pJFS36 and another that had a 1-bp deletion in the spacer (pJFS35r), Holliday structures were formed at near-normal rates but the rate of product formation was 77-fold lower. The deletion may cause a structural perturbation in the Holliday junction that could affect either the cleavage reactions required for product formation or the isomerization step outlined above. Product formation is also very slow at 0°C, and here the results are more informative.
An argument can be developed from the low-temperatureexperiment data that an isomerization is a kinetically significant process in the reaction pathway and that it is this step that becomes rate limiting at 0°C. Such a step would, in effect, interconvert two discrete Holliday intermediates. The argument proceeds from evidence that the covalent bond cleavage and formation (transesterification) steps taking place in the course of a site-specific recombination event are relatively fast. Phosphodiester bonds are always conserved in these reactions, and, in the FLP system, the overall reaction can be considered thermodynamically symmetrical. At 0°C, the transesterification steps do not appear to be rate limiting. First, the formation of a Holliday structure involves four separate transesterification steps, and these structures are formed nearly as rapidly at 0°C as at 30°C. Low temperature therefore has a minimal effect on the transesterification steps required to form Holliday structures. Second, and perhaps more important, is the observed effect of increasing FLP protein concentration (Fig. 7) where S = substrate and X = Holliday structure). Finally, the set of transesterification reactions that produces the Holliday junction should be readily reversible. The covalent bonds broken and reformed are identical in both directions, 2S -) X and X --2S. The equivalent set of transesterification reactions required to convert Holiday structures to products (X -1 2P) must be equally fast. By this reasoning, the slow VOL. 10, 1990 T step in product formation at 0°C is almost certainly not a step involving the cleavage or formation of phosphodiester bonds. The only step remaining that would explain the slow product formation, therefore, is a molecular isomerization that moves the crossover point from the first set of cleavage sites across the spacer to the second. The isomerization/branch migration step would be expected to have a high temperature coefficient and to be affected by heterology in the spacer, and the step that limits product formation at 0°C clearly has these characteristics. In addition, mutations that increase the A+T content of the central 6 bp of the spacer, a change that could be expected to facilitate branch migration, increase the rate of product formation at 0°C without affecting the production of Holliday st.-uctures (L. Waite and M. Cox, unpublished data). It is important, however, not to draw too close an analogy between this process and the spontaneous branch migration of cross-stranded structures observed and studied in solution. The Holliday structures in the FLP system are almost certainly protein bound and held in a precise conformation. The step here is likely to involve rearrangement of protein as well as DNA, making the term isomerization more appropriately descriptive than the term branch migration.
The implication is that there are at least two distinct Holliday structures on the reaction pathway, Xl and X2, and that their interconversion is kinetically significant and can be rate limiting. This pathway is illustrated by: 2S 1 2S(FLP) 2 Xl(FLP) 3 X2(FLP) 4 2P(FLP) 5 2P where S is the starting substrate and P is the final recombination product. At 30°C, the two forms of Holliday intermediate would probably interconvert rapidly because the barrier to isomerization would be low. Both the rate of product formation and the Holliday structure concentration are directly related to FLP protein concentration at this temperature (7. 18) . This suggests that the rate-determining step at 30°C is riot isomerization but a step that is dependent on the concentration of enzyme. The most likely candidates are site location and site juxtaposition. However, a molecular isomerization should be first order and independent of FLP protein concentration, as is consistent with the 0°C experiment data presented in this study. Thus, the most likely rate-limiting step at 0°C is step 3, isomerization between two forms of a Holliday intermediate-FLP protein complex.
